We demonstrate the tunneling magnetoresistance ͑TMR͒ effect through a semiconductor quantum dot ͑QD͒ with a few electrons in a lateral QD spin-valve device. At one-to-two electron transition, only inverse TMR effect is observed, where the TMR ratio is relatively large compared with the value based on the Julliere model. When the bias window reaches near the charging energy of the QD, the inverse TMR almost disappears. These features can be interpreted in terms of spin transport via the ground state of a two-electron QD. © 2008 American Institute of Physics. ͓DOI: 10.1063/1.3042098͔
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When external magnetic fields ͑B͒ are applied to the magnetic tunnel junctions ͑MTJs͒, which consist of two ferromagnetic ͑FM͒ electrodes separated by a tunnel barrier, the tunnel current ͑I͒ through the barrier depends on the relative orientation of the magnetic moments of the FM electrodes. This is so-called tunneling magnetoresistance ͑TMR͒ effect. 1, 2 The TMR effect and their related physics have been investigated intensively to develop future spintronic applications such as magnetic random access memory devices. 3 The TMR ratio is defined as ͑R AP − R P ͒ / R P , where R P and R AP are the resistance in the parallel ͑P͒ and antiparallel ͑AP͒ magnetic configurations of the FM electrodes, respectively. In general, the sign of the TMR ratio is determined from the sign of the spin polarization at the Fermi level of the FM electrodes. 4 The TMR effect has also been observed in quantum-dot ͑QD͒ spin-valve devices consisting of a single metal 5 or semiconductor 6 QD coupled to FM electrodes, in which these devices are double-barrier MTJs. For these QD spin valves, the Coulomb blockade characteristics become significant at low temperatures due to the charging effect. Up to now, theoretical and experimental studies have regarded the predominant mechanism of the TMR effect as spin accumulation on the QD. [5] [6] [7] [8] [9] Recently, Weymann and Barnaś 10 theoretically showed that spin transport in the QD spin valves is also affected by the dot eigenstates due to orbital levels of the QD. Very recently, we obtained the experimental data with the effect of spin transport through excited states in the QD, 11 which was partially supported by the theory of Weymann and Barnaś. 10 However, since the number of electrons N in the QD could not be assigned, 11 the precise interpretation remains to be identified.
In this letter, we study the TMR effect in a QD spin valve with a few electrons for the first time. Since N in the QD can be depleted, 12 we can examine the effect of the lowest orbital level on the TMR effect in small magnetic fields and bias voltages ͑V SD ͒. We observe only inverse TMR effect at one-to-two electron transition, and the TMR ratio is suppressed by applying a bias voltage nearly corresponding to the charging energy of the QD. The observed inverse TMR effect can be explained by spin transport via the ground state of a two-electron QD, implying that the effect of orbital levels of the QD is more significant than that of spin accumulation on the QD.
The QD spin valves are composed of self-assembled InAs QDs with FM Ni wire leads. The corresponding device structure was described schematically in our previous work. 11 The substrate consists of 170-nm-thick GaAs buffer layer/90-nm-thick AlGaAs insulating layer/n + -GaAs͑001͒, where the n + -GaAs͑001͒ is used as the backgate electrode. A single InAs QD with the size of ϳ120 nm was located in between Ni nanogaps. In order to induce asymmetric shapeinduced magnetic anisotropy and different switching fields for each lead, one of the Ni leads was formed to be 1 m wide and 20 m long, while the other was formed to be 200 nm wide and 20 m long. Transport measurements were performed by a dc method at 0.5 K. External magnetic fields ͑B͒ were applied parallel to the long axis of the wire-shaped electrodes. The magnetoresistance ͑MR͒ ratio ͑%͒ is defined as ͓͑I 0 − I B ͒ / I B ͔ ϫ 100, where I 0 and I B are the tunnel currents for zero field and for a magnetic field of B, respectively.
We first measured the Coulomb blockade characteristics for many devices, and then we selected a device in which we can deplete electrons in the QD by applying backgate voltage ͑V G ͒. In Fig. 1͑a͒ we show the differential conductance ͑dI / dV SD ͒ of the selected device as a function of V SD and V G for a P magnetic configuration ͑B ϳ 0.1 T͒ of the Ni wires. The black and white regions are the regimes of dI / dV SD Ͼ 0 and dI / dV SD Ͻ 0, respectively, and the gray region represents the Coulomb blockade regime. Here, since the tunnel resistance is much larger than the quantum resistance of h / e 2 ϳ 25.8 k⍀, the electron transport of our device is dominated by the sequential tunneling processes of electrons. Clear Coulomb blockade diamonds are seen and the charging energy ͑E C ͒ is roughly estimated to be ϳ6 meV. Near zerobias voltage, an intersection point of the diamond borderline is observed at V G ϳ 0.8 and 0.9 V, while we observe no intersection point and almost no conductance ͑I Շ 0.01 pA͒ below V G ϳ 0.8 V, indicating that the QD is empty, i.e., N = 0. The assigned N is also denoted in Fig. 1͑a͒ . In a small bias regime, we also observed Coulomb oscillation peaks. As an example, a schematic diagram of electron transport at one-to-two electron transition ͓the second Coulomb peak, as shown in Fig. 2͑c͔͒ is illustrated in Fig. 1͑b͒ ; N fluctuates between N = 1 and 2 on the QD. We predict that the tunnel rate of the electrons between the QD and the FM electrodes is related to the spin configuration in between them.
We examine MR curves for various V G in the linear transport regime. A representative MR curve measured at V G = 0.875 V and V SD = 1 mV is shown in Fig. 2͑a͒ . We observe an evident hysteretic behavior and sudden MR changes at B ϳ Ϯ 0.025 T. It should be noted that the observed MR curve exhibits a sign inversion. Here we define TMR ratio as the hysteretic MR changes described. Such clear hysteretic curves were obtained in V G Շ 0.90 V. In Fig. 2͑b͒ we summarize the TMR ratio as a function of V G at around the second Coulomb peak. Interestingly, the observed TMR effect in V G Շ 0.90 V exhibits only the sign inversion ͑pink area͒, and the absolute TMR ratio is relatively large compared with the value of ϳ21% based on the simple Julliere model for Ni electrodes ͑P Ni ϳ 0.31͒. In contrast, in V G տ 0.91 V, MR jumps were often found under the hysteresisloop measurements but we could not obtain reproducible features. Hence, we emphasize the error bars with the sign of the observed irreproducible MR jumps in Fig. 2͑b͒ , 13 although we regard TMR ratio measured as TMR= 0%. At the first peak ͑zero-to-one electron transition͒, we could not observe hysteresis loops and there is no MR jump, i.e., TMR ϳ 0%.
To further investigate the inverse TMR effect shown in Fig. 2 , we concentrate on the bias dependence of the TMR ratio. Figure 3͑a͒ shows the MR curves for V G = 0.885 V, measured at V SD = 1 and 7 mV. By increasing V SD , we can see no hysteresis loop at V SD = 7 mV. Shown in Fig. 3͑b͒ is the TMR ratio versus V SD ͑red closed circle͒, together with the data measured at V G = 0.86 V ͑blue open square͒. The inverse TMR effect seems to be reduced with increasing V SD . We note that the TMR ratio is markedly suppressed at eV SD ϳ E C , whereas the large TMR effect is seen in eV SD Ͻ E C . This means that the large inverse TMR effect is governed by the single electron tunneling processes at the N =1↔ 2 transition: when the bias window is opened and the electron transport changes into the two-electron current flowing, the inverse TMR effect tends to disappear. We hereafter consider a small V SD regime and assume that spin relaxation time ͑ spin ͒ in the QD is sufficiently long. Taking the following relationship, spin Ͼ dwell ϳ e / I s , where dwell is the dwell time of the single electron tunneling events and I s is the single electron current flowing through the QD, we can roughly estimate dwell of approximately a few microseconds in 0.86 V Շ V G Շ 0.9 V. Thus, spin of our device is qualitatively longer than a few microseconds, which is in good agreement with the spin-flip relaxation time from an excited state to the ground state in a semiconductor QD. 14 In general, a possible origin of the TMR effect has been the spin accumulation on the QD for the QD spin valves so far. [5] [6] [7] [8] [9] On the other hand, for electron transport in a twoelectron QD, the ground state in zero magnetic field is always a spin singlet state ͑↑ , ↓͒, resulting from the lowest orbital. 12 Even for self-assembled InAs QD systems with lateral electron transport, Jung et al. 15 already demonstrated shell-dependent charging energies and few-electron QDs. On the basis of the artificial atomic nature, we can deduce one of the possible origins of the inverse TMR effect observed at the N =1↔ 2 transition. As shown in schematic diagrams in Fig. 4 , we assume that there is a finite spin splitting energy ⌬E on the QD for electron transport and that only a spindown state is placed in the transport window, where ⌬E may be induced by a local stray field from FM electrodes and/or a local exchange field derived from the coupling of electron spins between FM electrodes and QD. [16] [17] [18] When the spin-up electron is already present in the QD and the magnetic configuration of FM electrodes is P, the electron transport between the FM electrodes and the QD is almost limited by minority-spin transport ͑left͒. For the AP configuration, the transport from the source FM electrode to the QD is minority-spin transport, while that from the QD to the drain FM electrode is dominated by the majority-spin transport ͑right͒. Comparing the tunnel conductance ͑G͒ between P and AP configurations, we can interpret that G AP is higher than G P at one-to-two electron transition. As a consequence, inverse TMR effect can occur. In this situation, the tunneling current from the QD to the drain FM electrodes has high spin polarization, i.e., spin-filtering effect via the QD state, leading to a relatively high TMR ratio. As the bias window is gradually opened and the other spin states participate in the electron transport, the spin-filtering effect is reduced, causing the suppression of the inverse feature and the large TMR ratio, as shown in Fig. 3͑b͒ .
For our semiconductor QD spin valves with a few electrons, when the effect of orbital levels of the QD on spin transport is more significant than that of spin accumulation in the QD, we may regard the observed TMR effect as a consequence of the spin transport via a certain eigenstate ͑ground or excited state͒ on the QD, which were already discussed by Weymann and Barnaś. 10 In summary, we have demonstrated the TMR effect in a few-electron QD spin valve for the first time. At one-to-two electron transition, we have detected only inverse TMR effect, which is relatively large compared with the value based on the Julliere model. As the bias window reaches nearly corresponding to the charging energy of the QD, we have found the disappearance of the inverse TMR effect. The sign inversion of the TMR ratio can be interpreted in terms of the spin-dependent tunneling via the ground state of a twoelectron QD. 
